Reaction centres are membrane-embedded pigment-protein complexes that transduce the energy of sunlight into a biologically useful form. The most heavily studied reaction centres are the PS-I (Photosystem I) and PS-II complexes from oxygenic phototrophs, and the reaction centre from purple photosynthetic bacteria. A great deal is known about the compositions and structures of these reaction centres, and the mechanism of light-activated transmembrane electron transfer, but less is known about how they interact with other components of the photosynthetic membrane, including the membrane lipids. X-ray crystallography has provided high-resolution structures for PS-I and the purple bacterial reaction centre, and revealed binding sites for a number of lipids, either embedded in the protein interior or attached to the protein surface. These lipids play a variety of roles, including the binding of cofactors and the provision of structural support. The challenges of modelling surface-associated electron density features such as lipids, detergents, small amphiphiles and ions are discussed.
Introduction
The (bacterio)chlorophyll-containing membrane proteins that catalyse photosynthetic energy transduction are naturally abundant, and are obvious targets for structural biology. It is now over 20 years since the groundbreaking determination of the X-ray crystal structure of the reaction centre from Blastochloris viridis [1, 2] (formerly Rhodopseudomonas viridis), a Gram-negative purple photosynthetic bacterium. The structure of the Rhodobacter sphaeroides reaction centre followed shortly after [3] [4] [5] , and more recently the structure of the reaction centre from the moderate thermophile Thermochromatium tepidum was described in [6, 7] . The highest resolution structures for purple bacterial reaction centres are currently in the region of 2.0 Å (1 Å = 10 −10 m) [6, [8] [9] [10] [11] . During the last 3-4 years, success has also been obtained with reaction centres from oxygenic phototrophs, with the publication of an X-ray crystal structure at 2.5 Å for the cyanobacterial PS-I (Photosystem I) complex [12, 13] , and at more modest resolutions for the PS-II reaction centre (between 3.8 and 3.5 Å [14] [15] [16] ). As well as showing the beauty and complexity of these protein-cofactor systems, the X-ray data have revealed the structures and interactions of a number of bound lipids [17] [18] [19] [20] . This has brought atomiclevel insights into the question of how lipids ensure the optimum performance of photosynthetic complexes, comKey words: detergent, lipid, membrane protein, protein engineering, reaction centre, X-ray crystallography. Abbreviations used: CL, cardiolipin; GGD, glucosylgalactosyl diacylglycerol; LDAO, lauryldimethylamine N-oxide; LHI, light harvesting complex I; MGDG, monogalactosyldiglyceride; PC, phosphatidylcholine; PG, phosphatidylglycerol; PS-I, Photosystem I; QA, primary acceptor quinone; QB, terminal acceptor ubiquinone. 1 To whom correspondence should be addressed (email m.r.jones@bristol.ac.uk).
plementing an extensive literature on the biochemistry of protein-lipid interactions in photosynthesis [21] .
PS-I -a reaction centre-antenna combo
The trimeric cyanobacterial PS-I is a spectacular construction containing 12 polypeptides and 127 cofactors per monomer [12, 13] . The core reaction centre is similar in composition to other reaction centres, with two symmetrically arranged membrane-spanning branches of chlorophyll and quinone cofactors held in a dimeric protein scaffold (in this case formed by the PsaA and PsaB polypeptides). In PS-I both of these cofactor branches may catalyse light-driven transmembrane electron transfer [22] [23] [24] [25] [26] , although perhaps not in all organisms [27] [28] [29] . Unlike the other reaction centres mentioned above, the membrane-embedded chlorophyll/quinone electron transfer chains pass electrons on to three ironsulphur clusters (F X , F A and F B ) before they exit from the complex, and the core reaction centre makes up less than a third of the total volume of the protein, the remainder consisting of antenna domains (formed mainly by the PsaA and PsaB polypeptides) that are packed with chlorophylls and carotenoids. PS-II and the purple bacterial reaction centre are also surrounded by antenna complexes but these are separate proteins [30] [31] [32] , and so unlike PS-I the reaction centre component can be isolated from the antenna either biochemically or genetically.
Included in the long list of crystallographically defined non-protein molecules associated with each PS-I monomer are three molecules of PG (phosphatidylglycerol) and one MGDG (monogalactosyldiglyceride) [12, 13] . These lipids form an integral part of the complex, buried in the protein interior. The MGDG and one of the PGs are associated with the PsaA and PsaB polypeptides that make up the heterodimeric core of PS-I, and are arranged in a symmetrical manner close to the electron transfer cofactors ( Figure 1A ). As mentioned above, evidence has recently emerged that both of these cofactor branches may be active in catalysing membrane-spanning electron transfer, but with differences in rate on the two branches for at least one of the electrontransfer steps, transfer of an electron from the so-called A 1 phylloquinone to the F X iron-sulphur centre [22] [23] [24] [25] [26] . It has been pointed out that the anionic lipid PG is located close to the so-called A-branch phylloquinone whilst the neutral MGDG is close to the symmetrical B-branch phylloquinone, and this difference might, in part, be responsible for the difference seen in the rate of reoxidation of the two quinones by F X [13] . A tuning of electron transfer rates along the two branches would give a functional role for the PG and MGDG, although the physiological significance of the two electron transfer pathways and their different kinetic properties is not yet understood.
The two remaining PG molecules in the structure of the cyanobacterial PS-I are also arranged in a symmetrical manner, but at the periphery of the PS-I monomer [12, 13] . One of these is in a binding site made up of the outer face of the PsaA polypeptide and the tetrapyrrole rings of three chlorophylls. This lipid appears to play both a structural and functional role, as the most exposed of these chlorophylls is bound to the intramembrane surface of the complex by an O-Mg bond involving the phosphodiester group of the PG. This arrangement blurs the interface between the PS-I monomer and the surrounding membrane, and a similar lipidchlorophyll bonding interaction has recently been seen in LHC II (light harvesting complex II), the major antenna complex associated with PS-II [20, 33] .
PS-II
At the time of writing of this paper, X-ray crystallography of the PS-II complex is at a tantalizing stage. X-ray crystal structures have been obtained for the cyanobacterial complex by three research groups, at resolutions of 3.8 Å [14] , 3.7 Å [15] and 3.5 Å [16] . The level of detail included in the structural models is different, but none of the structures are at a stage where non-protein features such as lipids can be modelled with confidence. Some non-protein features such as the tetrapyrrole macrocycles of chlorophylls can be modelled with reasonable certainty at this resolution, at least in terms of their gross orientation, because they have a very distinctive shape. However, it is more problematic to accurately model important fine details such as the precise orientation of many amino acids or the substituent groups of the chlorophyll macrocycles, or other small elements of key structural and functional importance such as buried water molecules. The result is a somewhat blurred picture of the complex in which the main structural elements are visible but the fine detail is still uncertain.
In the particular case of lipids, it is known from biochemical studies that lipids such as SQDG (sulphoquinovosyl diacylglycerol) and PG are very important for the activity and structural organization of PS-II [21, [34] [35] [36] [37] , and so one might expect such lipids to be tightly bound by the protein and visible in electron density maps. However, the problem is that many lipids are composed largely of long chains of connected atoms, and there are many molecules in the purified PS-II complex with similar characteristics, namely detergents, carotenoids (linear polyenes) and the side chains of chlorophylls and quinones. All of these molecules will tend to give rise to elongated, tubular electron density features, and as a result it will be difficult to model PS-II lipids until there are significant improvements in the resolution of the available structures, and these are eagerly awaited.
The purple bacterial reaction centre
The purple bacterial reaction centre is arguably the most intensively studied membrane protein in nature [38] , and certainly one of the best understood. X-ray crystallography has played an ongoing role in this work [17] , with, at the time of writing of this paper, more than 50 structures deposited in the PDB (Protein Data Bank) [39] for wildtype or mutant proteins from B. viridis, R. sphaeroides and T. tepidum. None of the structures of the B. viridis reaction centre include lipids, but a phosphatidylethanolamine has been resolved in a structure for the reaction centre from T. tepidum [6, 7] .
In the case of R. sphaeroides, three lipids have been described as attached to the intramembrane surface of the reaction centre ( Figures 1B and 1C ). The first of these, a CL (cardiolipin -diphosphatidylglycerol) was reported in 1999 by McAuley et al. [9] , and has been included in a significant proportion of the structures for the complex deposited since this date. This lipid appears to connect two membrane-spanning α-helices of the M-polypeptide at a point in the structure where they lack direct contacts due to interdigitation with a membrane-spanning α-helix of the Lpolypeptide [9, 40] . The head group of the CL is ideally suited to such a role, the two phosphodiester groups connecting protein elements that are approx. 18 Å apart, and a possible function of the lipid is to provide structural support at a weak point of the protein scaffold [41] . In line with this, mutagenesis of an arginine residue (M267) that engages in one of the main, direct bonding interactions between the P A phosphoryl of the CL and the adjacent protein surface produces a reaction centre that is less thermally stable in detergent solution, as assessed by differential scanning calorimetry [41] . The CL was not resolved in the X-ray crystal structure of this mutant (Arg M267 to Leu), indicating that binding of the lipid had been weakened [41] .
Analysis of sequence alignments suggests that the CLbinding site is conserved across purple bacterial reaction centres, suggesting a specific requirement for this particular lipid at this particular site [42] . In addition to providing structural support, the CL may have other roles in the bacterial reaction centre. CL seems to play a particular role in mediating interactions between monomers in multimeric structures, and has been seen fulfilling such a function in X-ray crystal structures of cytochrome oxidase [43] and formate dehydrogenase [44] . Intriguingly, in a new crystal form of the R. sphaeroides reaction centre derived from a lipid cubic phase, the CL is located at the contact surface between two reaction centres that seem to form a symmetrical dimer [45] . However, data from the first low-resolution X-ray structure for a purple bacterial reaction centre-LHI core complex [46] and from atomic force microscopy images of individual R. sphaeroides core complexes in native membranes [47] indicate that individual reaction centres are surrounded by a cylindrical antenna complex LHI, and so it seems unlikely that the crystallographically defined CL mediates contacts between dimeric reaction centres in vivo. Nevertheless, it is possible that the CL mediates protein-protein contacts between the reaction centre and the surrounding antenna complex LHI. Examination of the structure of the reaction centre shows that the lipid fills a depression in the protein surface, underneath an overhang, and so smoothes-out the protein surface. This could help the formation of a tight electrical seal around the reaction centre (whose primary function is to separate electrical charge across the membrane), and assist snug molecular interactions with the polypeptides and cofactors of the LHI antenna.
Regarding an influence on the function, it appears that the presence of CL has an influence on the redox potential of the Q A (primary acceptor quinone) [48, 49] , but it remains to be established whether the crystallographically defined CL is responsible for this, or one or more additional CL bound at other locations in the vicinity of the Q A site.
A recent structure of the R. sphaeroides reaction centre includes a PC (phosphatidylcholine) and a GGD (glucosylgalactosyl diacylglycerol) in addition to the CL [50] (Figures 1B and 1C) . The modelled glycolipid is particularly interesting in that it has an unusual conformation, with the glucose residue of the disaccharide head group approximately at the middle of the membrane, the galactose residue extending towards the periplasmic side of the membrane, and the two acyl chains radiating towards the cytoplasmic side of the membrane ( Figure 1B) . The PC is located close to the binding cleft of the Q B (terminal acceptor ubiquinone), the terminal electron acceptor that is able to detach from the reaction centre after double reduction and protonation to form ubiquinol ( Figure 1C) . The functional significance of these modelled lipids is not known, but it has been pointed out that the head group of the glycolipid is very close (<5 Å ) to the monomeric bacteriochlorophyll on the so-called 'activebranch' of cofactors [50] (unlike PS-I, only one of the two available cofactor branches in the purple bacterial reaction centre is used for membrane-spanning electron transfer). This bacteriochlorophyll is the first electron acceptor during transmembrane electron transfer, and it has been suggested that an interaction between this bacteriochlorophyll and the head group of the GGD could be a significant factor in determining the near-exclusive use of the A-branch of cofactors for electron transfer [50] .
Now you see it, now you don't
The first report of the CL bound to the surface of the R. sphaeroides reaction centre (in 1999) was published many years after the first descriptions of the high-resolution structure of this complex. A number of previous structures for the R. sphaeroides [5, 8, 51] and B. viridis [52, 53] reaction centres included molecules of phosphate or sulphate, and/or one or more molecules of the detergent LDAO (lauryldimethylamine N-oxide) in this region (see [9] for a detailed account). The positions of these corresponded approximately to those of the P A phosphoryl group and acyl chains of the CL. However, in the case of the structure described in [9] there was sufficient continuous density to model a complete molecule of CL (with the exception of the ends of the four acyl chains, which appear to be disordered). Attribution of this electron density as a CL was greatly assisted by its very distinctive shape, and its position is consistent with that expected for a membrane lipid. The phosphoglycerol head group is located near the cytoplasmic side of the membrane, and interacts with basic amino acids, water molecules and orientated tyrosine and tryptophan residues that have mixed polar/aromatic character [9, 20] . The acyl chains radiate towards the centre of the membrane and abut the hydrophobic region of the protein surface.
Why was this lipid not seen before 1999, and why was it not included in all subsequent structures? The answer seems to be that the density for this lipid is not always continuous, varying from one electron density dataset to another in terms of completeness (see [40] for a depiction of this in six electron density maps). Density is often seen for those parts of the CL that one might expect to be most tightly attached to the protein surface, such as the P A phosphoryl group and the most deeply buried acyl chain, but uninterrupted density is seen only in a subset of electron density maps [40] . The reasons for this have been discussed previously, and may include details of the way diffraction data are collected, the resolution range over which the data are collected, and variations in biochemical methods that may affect occupancy of the CL-binding site [9, 40] . It is not the case that the completeness of the electron density for the CL necessarily improves with the high-resolution limit of the data, or with other treatments aimed at improving data quality such as cryo-cooling.
What is this sausage I see before me?
Once the polypeptides and cofactors have been accounted for, a typical electron density map for the R. sphaeroides reaction centre includes a number of 'blobs' and 'sausages' of electron density of uncertain origin. In some cases, the distinctive shape of an electron density feature allows a particular molecule to be modelled, the CL discussed above being a good example. In other cases, the attribution may be less straightforward, and the task is not helped by the biochemical complexity of the crystallization mix. In addition to the possibility of lipids being associated with the crystallized protein, the solutions used in the preparation of crystals typically include at least one detergent species, the precipitant (phosphate or polyethylene glycol), small amphiphiles such as heptanetriol and additives such as dioxane. If detergent exchange has been carried out, incomplete exchange is another complicating factor. The cryo-cooling of crystals for data collection also requires the addition of a cryo-protectant such as glycerol. The upshot of this is that the number of small molecule species that may be associated with the surface of the protein complex is potentially quite large. Despite these problems it is possible to model some surface-associated features as complex ions such as sulphate or phosphate, or detergents such as LDAO or β-octylglucoside, with reasonable confidence. Account has to be taken of the shape of the electron density feature and, bearing in mind that the molecule must be immobile in order to give rise to good quality electron density, the availability of co-ordinating groups in the immediate vicinity. In a small number of structures, the number of density features that can be modelled is quite extensive: Figure 1(D) shows a cluster of seven ordered LDAO molecules in a recently determined structure for a mutant R. sphaeroides reaction centre (J.A. Potter, P.K. Fyfe and M.R. Jones, unpublished work). The detergents fill a deep cavity in the protein surface, and the attribution of the relevant electron density features as LDAO was based on the length and shape of the sausage of density. Many of the previously reported structures for the purple bacterial reaction centre include up to three detergents in this region, but the number of ordered detergents in this new structure is much larger than seen previously.
Three of the modelled LDAO molecules depicted in Figure 1 (D) are located in positions equivalent to the molecule of GGD reported previously [50] (Figure 1B) . We have examined a number of structures where there are ordered electron density features in this region of the protein and have not found any evidence for continuity in the electron density that would support the presence of a glycolipid. This does not necessarily mean that the modelling of a lipid at this position on the protein surface is incorrect, as little is known about how variations in purification and crystallization methods affect the lipid composition of reaction centre crystals. However, taken together with the very odd position of this modelled lipid, effectively upside-down in the membrane, there is probably a case for further analysis of the electron density in this region of the protein.
Pin the tail on the quinone
An additional complication in interpreting electron density on the surface of the reaction centre is caused by the long hydrocarbon side chains of the bacteriochlorin and quinone cofactors, some of which protrude from the complex. This is particularly true of the two quinones that, in R. sphaeroides, have a side chain consisting of 50 carbon atoms. A further complication in the case of the Q B ubiquinone, which is a dissociable component of the reaction centre, is the possibility of substoichiometric occupancy of the Q B site and/or multiple-binding conformations.
There is considerable interest in the conformation of the Q B ubiquinone in X-ray crystal structures, sparked by an observation made by Stowell et al. [8] of two binding conformations for the Q B head group under different experimental conditions. The first binding position, 'proximal' to the non-haem iron and symmetrical to that of the Q A quinone head group, was seen in reaction centre crystals frozen to cryogenic temperatures under constant illumination, whilst the second 'distal' binding position is seen in reaction centre crystals frozen in the dark ( Figure 1E ). Together with spectroscopic data these reaction centre structures were used to develop a model for conformational gating of electron transfer from Q A to Q B involving movement of the Q B quinone from the distal to proximal position [55] . However, there is controversy concerning this model, with results from Fourier-transform IR spectroscopy [56] and time-resolved X-ray crystallography [57] in particular arguing against any distal to proximal movement being responsible for gating the reaction (see [58] for a discussion). Of approx. 40 structures for the R. sphaeroides reaction centre deposited in the PDB, a little less than half have the Q B head group in the proximal conformation, a quarter have the head group in the distal conformation and two structures have both conformations modelled. Ten structures have no quinone modelled.
Only one of the deposited structures for the R. sphaeroides reaction centre has all 50 carbon atoms of the Q B side chain included in the structural model. The majority of structures that include Q B (26) have between 28 and 45 carbon atoms in the Q B side chain, with about two-thirds of these having 35 atoms. A handful of structures have a very short Q B chain (five or six atoms). In additions to variations in length, these structures also show pronounced variation in the conformation of the side chain, in contrast with the other bacteriochlorin and quinone cofactors of the reaction centre where there is generally very good conservation across the deposited structures. One wonders to what extent these variations influence the conformation of the head group in the crystallized reaction centre and, thinking of the complex in vivo, how the presence of the encircling LHI antenna complex might affect the way the Q B quinone interacts with its binding pocket.
Issues concerning the conformation of the head group aside, there is the potential for modelling of electron density features on the protein surface being complicated by the side chain of the Q B (and Q A ) quinones folding back on to the protein surface, giving rise to a tube of density, or even adopting multiple conformations giving rise to multiple weak electron density features. To illustrate the last point, Figure 1(F) shows an example of a bacteriochlorophyll in a recently determined X-ray structure of a mutant reaction centre where the structural change induced by the mutation has caused the hydrocarbon side chain to adopt two alternate conformations, with approx. 50% of chains occupying the normal conformation and 50% in a new alternative conformation (P.K. Fyfe, A.J. Watson and M.R. Jones, unpublished work). It is possible that some of the variation seen in the conformation of the Q B side chain could be due to the side chain being able to similarly adopt multiple conformations, these being populated differently under different experimental conditions. In fact approximately a quarter of the structures considered above contain one or two molecules of LDAO modelled close to the Q B site, and some of these coincide with positions occupied by the Q B side chain in other structures. An additional complication is the side chains of the adjacent H B bacteriopheophytin and B B bacteriochlorophyll, both of which end at the surface of the protein in the vicinity of the Q B site and which occupy different conformations in different structures. Why this is the case, and how this might affect the conformation of the Q B side chain, is not clear.
Only one structure for the R. sphaeroides reaction centre includes the head group of the Q B ubiquinone but no modelled side chain [50] . This structure has a PC lipid modelled close to the Q B -binding pocket ( Figure 1C) , parts of the lipid approaching to within 4.0 Å of the Q B head group, which occupies the distal position. The lipid is arranged approximately parallel to the plane of the membrane near the Q B -binding pocket. On comparing different structures from the PDB, it is apparent that parts of the modelled lipid overlap with positions occupied by the Q B side chain or LDAO detergents in other structures, particularly for the PC head group and the acyl chain nearest to the cytoplasmic side of the membrane. Thus electron density has been seen in this area of the protein surface in other structures, and has been modelled as the Q B side chain and/or detergent. This is a situation similar to that of CL, where electron density was initially modelled as detergents and/or complex ions, and as a lipid in a later structure where the electron density was more complete [40] . However, a curious feature of the structure that includes the modelled PC is that, although a ubiquinone head group is modelled in the Q B site, in the distal-binding position, no side-chain atoms are included in the model. The presence of a side chain would cause a steric clash with the modelled PC, which sits across the entrance of the Q B pocket.
Summary
As the resolution and quality of structural information improves, details are beginning to emerge about the conformations and possible roles of lipids bound in and around photosynthetic reaction centres. Structurally characterized lipids appear to be responsible for cofactor binding [13, 33] and providing structural support [41] , and may also play roles in modulating the properties of cofactors engaged in membrane-spanning electron transfer [13, 50] , although this remains to be proven. In some cases, lipids are buried in the interior of the protein, and modelling of the relevant electron density is straightforward. Interpretation of electron density on the surface of these proteins is more challenging, as the presence of detergents, amphiphiles and the flexible hydrocarbon side chains of the cofactors add to the potential complexity and heterogeneity of this part of the molecular structure.
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